INTRODUCTION
============

A comprehensive understanding of biological structures and processes from the molecular to cellular level has become imperative. Among the many roadblocks that still exist, characterization of the complex dynamics of biological processes, especially signal pathways at nanoscale resolution, remains a formidable challenge. The existence of multiple kinetic pathways often makes these processes difficult to unravel, because the individual steps of a multistep process are typically not synchronized among molecules. Imaging molecular structures in vitro under physiological conditions provides the ability to study their molecular processes, which can have tremendous application in biological research ([@R1]--[@R5]). Advances in electron and optical microscopies have spurred tremendous growth in biological imaging. Several electron and optical imaging techniques are used to monitor the biological systems both in vitro and in vivo. These include confocal, fluorescent, and cryo-based electron microscopies. The lack of quantitative nanomechanical analyses and imaging tools poses major challenges to monitoring in vitro biomechanics.

Recent advances in molecular imaging created the possibility of achieving numerous opportunities and objectives in biomedical research, namely, (i) real-time monitoring of events at the molecular scale, (ii) imaging effects of stimulating agents and drugs at the subcellular level, (iii) assessing progression of diseases at early stages, and (iv) achieving high-speed subcellular imaging in a reproducible and quantitative manner.

There is considerable interest in using nanostructured materials as delivery vehicles ([@R6]), carriers, or chaperones ([@R7], [@R8]) to interrogate cells for programmed assembly of soft, hard, and hybrid structures, among many others. The length scale of emerging nanostructures is compatible with vital biological, chemical, and physical processes, and the role of functionality of the nanoparticles \[that is, light activation, radio-frequency (RF) heating, and catalytic behavior\] adds an additional set of useful qualitative information to the nanostructured system. This approach to unraveling the intricate signal transduction and cellular transfection pathway includes use of taggants, such as nanoparticles, to provide spatial and temporal information about their pathway from cell wall entry to the delivery of relevant cargo inside the nucleus.

Despite recent advances, conventional imaging methods, such as light and acoustic waves, struggle to attain sub--100-nm resolution because of the classical diffraction limit. Fluorescent and confocal microscopies ([@R9]--[@R14]) are traditional ways to monitor biological interactions, but they suffer from poor spatial resolution and need fluorescent dyes. Scanning probe microscopy has made significant advances in biological imaging. It can provide very high spatial resolution but is limited to identifying surface structures and mechanical properties. Unfortunately, these methods are not capable of imaging subcellular structures ([@R15]--[@R18]). These techniques provide only the qualitative and structural information, but not the quantitative data. In summary, no single modality currently meets the needs of high sensitivity and high spatial and temporal resolution.

Quantitative nondestructive imaging methods, such as photoacoustic and light-optical microscopies, are limited by classical diffraction ([@R19]--[@R22]) and by the need of lenses, coupling fluid, relatively low resolving power, high cost, and complexity for the user. Moreover, detectability is variable-dependent. In summary, there are several advantages of confocal, fluorescent, and photoacoustic microscopies over traditional optical imaging, such as depth sensitivity and lateral and axial resolutions, but none of these technologies can provide subnanometer resolution in vitro.

During the past decade, acoustic wave--based detection methods were able to determine the mechanical properties of soft and hard materials. Because elastic strain waves can travel through different materials, without any damage to them, they can be used to noninvasively image subsurface structures, a concept that is widely used in medical imaging. The spatial resolution, that is, the smallest defect size or resolvable separation between close defects, is limited by elastic wave diffraction to a fraction of the wavelength in the far field---a distance from the defect that is several times the wavelength. Several groups used a combination of high-frequency ultrasonic waves and atomic force microscopy (AFM) to study the nanomechanics of materials and subsurface imaging, where an AFM probe was used as the local mechanical detector of elastic waves ([@R23]--[@R34]). Most of the applications focused on semiconductor and polymeric materials. Recent reports of ultrasonic imaging under physiological conditions do not demonstrate nanometer-scale resolutions because acoustic dampening in aqueous media is very challenging ([@R35], [@R36]). Without eliminating the acoustic dampening of the cantilever, it is not possible to achieve nanoscale resolution under subcellular conditions. Moreover, imaging under physiological conditions is very challenging because of acoustic dampening of the cantilever oscillations, which limit the penetration depth, and significant advances in the technology are required to overcome these limitations.

Here, we report the development of an ultrasound bioprobe with nanometer-scale resolution for in vitro molecular imaging under physiological conditions while overcoming the ultrasound attenuation, with applications ranging from subcellular nanomechanical imaging of live endothelial cells (ECs) to the identification of subsurface contrast from embedded magnetic particles in silica core shells. Our results demonstrate high subsurface phase sensitivity under physiological conditions and nanomechanical imaging of subcellular structures. Our ultrasound bioprobe synergistically combines the noninvasive nature and sensitivity of deeply buried intracellular features using ultrasound waves, and a near-field AFM mechanical probe provides high phase sensitivity and mechanical contrast of the scattered ultrasound wave ([@R23]).

RESULTS AND DISCUSSION
======================

Imaging in physiological media is very challenging when it comes to acoustics. Acoustic dampening in fluidics is a very common phenomenon. We developed an ultrasonic bioprobe controller that has integrated feedback electronics, which maintains the cantilever with sufficient amplitude under physiological conditions to acquire high-resolution ultrasound phase images. The feedback electronics is directly applied to the cantilever oscillations generated by the beat frequency. A judicious choice of the beats was selected to excite the cantilever contact resonance for signal amplification. If the cantilever frequency shifts during the scanning in aqueous solutions, then both the tip vibration amplitude and phase will change accordingly. This will cause a shift in the phase compensator (PC) output, bringing the voltage-controlled oscillator (VCO) to the piezo-resonance of the cantilever. This development not only prevents any offset in the cantilever piezo-resonance but also minimizes the acoustic damping in fluidics by maintaining the constant drive amplitude of the cantilever piezo. An RF amplifier was used to ramp up the dampened amplitude of the cantilevers and is more important especially with semi-viscous liquids.

In the feedback electronics design, we use a VCO that drives the tip piezo. The reference frequency signal is connected through a variable phase shifter to a PC, where it is compared with the actuator. The PC basically consists of a pair of operational amplifier comparators, an exclusive OR gate, and a low-pass filter. The PC's output is a dc correction signal that varies in accordance with the phase shift between the input signals and acts as a feedback correction signal to the VCO. If the cantilever piezo-resonance frequency shifts during the scanning, then both the tip vibration amplitude and phase will change accordingly. This will cause a shift in the PC output, bringing the VCO back to the cantilever piezo-resonance frequency.

[Figure 1](#F1){ref-type="fig"} depicts the schematics of the ultrasonic waves launched from both the cantilever and sample piezo. It shows the change in the phase shift when acoustic waves interact with the sample. We used a custom-made sample where the magnetic particles are in silica core. The potential application of our approach is to look through the embedded magnetic nanoparticles in silica core shells directly without going through complex transmission electron microscopy (TEM) sample preparation, which is a conventional way to look at these samples ([@R37]--[@R39]).

![Schematic illustration of an ultrasound bioprobe.\
Customized piezo-transducers underneath the sample and the cantilever provide the flexural vibrations. The AFM mechanical probe detects the subsurface mechanical contrast.](1701176-F1){#F1}

The silica core shell has an average diameter of 30 to 40 nm and is well dispersed on the mica surface. [Figure 2A](#F2){ref-type="fig"} depicts the magnetic particle enclosed in the silica core shell with receptor coating around it. The normal AFM topography scan ([Fig. 2B](#F2){ref-type="fig"}) shows a uniform distribution of silica core shell particles that spread on the mica substrate, whereas the normal tapping-mode phase image in [Fig. 2C](#F2){ref-type="fig"} shows a typical phase image of these silica core shells. However, the ultrasound bioprobe image in [Fig. 2D](#F2){ref-type="fig"} demonstrates the subsurface imaging capability of the system under physiological conditions with high resolution. It shows not only the embedded magnetic nanoparticles enclosed in the core shell but also the silica core shell and the receptor coating on top. The phase contrast in ultrasonic images demonstrates the capability of this technology in identifying the mechanical contrast from embedded nanoparticles with nanometer-scale resolution. The contrast in the phase image arises from the mechanical difference between the silica and cobalt nanoparticles, which results from the phase delay of the ultrasound waves coming at the sample surface. This example demonstrates the efficacy of this approach in looking through hard nanostructures and opens up an opportunity to explore noninvasive real-time tracking of cellular uptake of these core shell nanostructures with target-specific drug receptors. On the basis of the stiffness of specific materials, the contrast varies accordingly. Stiffer materials have brighter contrast than softer materials. The ultrasound phase image also identifies the receptor layer coating, which is estimated to be around 5 to 10 nm. The ultrasonic frequencies of the sample and cantilever piezo-transducers are 2.21 and 2.29 MHz, respectively. We cross-validated the silica core shell particles with TEM images to ensure that the magnetic core is within the silica, as shown in fig. S1.

![Subsurface imaging of magnetic particles embeded in silica core shell.\
(**A**) Schematic illustration of the magnetic core nanostructure embedded in the refractory silica core shell--based molecular marker. (**B**) AFM topographical image showing well dispersed silica core shell nanostructures. (**C**) Normal tapping-mode phase image that doesn't show any phase contrast coming from embedded particles in silica core. (**D**) Phase contrast from subsurface magnetic nanoparticles enclosed in core shell nanoparticles at nanoscale spatial resolution. The magnetic core, silica core, and receptor layer are identified in the ultrasonic phase. *f*~s~ and *f*~c~ are the sample and cantilever ultrasonic frequencies, respectively.](1701176-F2){#F2}

In addition, we evaluate two possible contributions to image contrast from subsurface features for ultrasonic AFM methods, where both the AFM probe tip and sample are excited at ultrasonic frequencies in contact mode. The two contrast mechanisms are ultrasonic scattering from subsurface features and the differential stress field caused by subsurface feature when an AFM tip in contact generates a stress field in the sample. The ultrasonic plane waves generated at the base of the sample travel through the sample bulk. Diffraction of these waves by subsurface feature can be detected at the surface if the surface lies within the near field of this feature. Therefore, it is expected that the AFM tip generates a stress field in the sample. This stress field can be modified if there is a subsurface defect in its range. The dominant mechanism of detection will depend on the relative magnitudes of the signals and signal perturbations.

The extreme sensitivity of the probe to contact stiffness facilitates the detection of local changes in the elastic stiffness within the compressed volume. Furthermore, the motion of the cantilever supporting the AFM probe tip depends on the sample surface displacement. Here, the mechanical AFM probe serves as the local elastic antenna, and ultrasonic vibrations are known to enhance sensitivity to local elastic properties ([@R40]).

Acute lung injury/acute respiratory distress syndrome (ALI/ARDS) is a devastating complication of acute respiratory failure and results in significant morbidity and mortality in critically ill patients ([@R41]). It is critical to understand and mechanistically characterize the pathophysiology of ALI/ARDS using an ultrasound bioprobe to mechanically probe the nanomechanics of intracellular fiber formations. The barrier function of ECs is greatly disrupted during ALI/ARDS, and understanding the nanomechanics of these barrier properties is critical in determining the recovery process.

Confocal and fluorescent microscopies have been traditionally used to image ECs and to determine the effect of stimulating agents such as thrombin on intracellular fibers, but none of these methods are able to detect the magnitude of stiffness of both intracellular fibers and the enhancement of stiffness in the nuclear region after thrombin injection. Upon addition of thrombin, the stress fiber formation toward the inner region of the ECs, that is, nuclear and cytoplasmic regions, causes cell contraction and increased elastic modulus in the central region of the cell ([@R42], [@R43]).

Here, we used an ultrasound bioprobe and directly measured the effect of the stimulating agent thrombin on the mechanics of the intracellular fiber formation in these ECs. All the measurements were carried out under physiological conditions. The details of the sample preparation procedures are described in the study of Wang *et al*. ([@R44]), which focuses on the nanomechanics of ECs using the AFM system.

[Figure 3](#F3){ref-type="fig"} shows both topographical and ultrasound phase images of the thrombin-stimulated ECs under physiological conditions. The images were acquired after incubation with thrombin for 30 min. Long and thick intercellular fibers appear and span the gaps between cells that are induced by thrombin (phase image). These cytoskeletal fibers are predominantly visible in the phase image together with other subcellular features along the nuclei region of the cells. These results demonstrate the uniqueness of this technique to image the internal structures of the cell and those along the cell periphery. The ultrasonic frequencies of the sample and cantilever piezo-transducers are 2.20 and 2.30 MHz, respectively. We demonstrate that after the addition of thrombin, the cells exhibit increased stress fibers, indicative of contraction, and widening of intercellular gaps.

![Intracellular fibers imaging of endothelial cells stimulated with thrombin.\
(**A**) AFM topographical image of the ECs altered by the addition of thrombin. (**B**) Ultrasound bioprobe phase image showing notable contrast from intracellular fibers. Intracellular fibers are predominantly seen in the ultrasound phase image along with stretched gaps and subcellular phase contrast in the nuclear region of the cells.](1701176-F3){#F3}

In our previous studies, we used AFM-based quantitative nanomechanics to study the stiffness variation on the intracellular region of the thrombin-treated ECs in aqueous media ([@R44]). AFM imaging shows the intracellular fibers but captures only the fibers that are more or less aligned with topographical images and those that are thick enough. It does not provide the contrast coming from smaller intracellular fibers and variation of stiffness in the nuclear region of the ECs, but the ultrasound bioprobe provides the subsurface stiffness contrast coming from both thicker and smaller fibers as well as from the intracellular gaps. In addition, contrast from very small fibers within the intracellular fiber network is visible in [Fig. 3B](#F3){ref-type="fig"}. It demonstrates the technological advantages of using feedback electronics for high-resolution phase images with ultrasound. Figure S2 shows images obtained without the feedback electronics. The resolution of the ultrasound phase images is very low, and it is difficult to identify any intracellular features. Figure S3 shows the effect of the feedback controller on the amplitude of the beats when it is switched on and off. It demonstrates the significant advantage of using feedback mechanism on the cantilever oscillations to acquire high-resolution images. The beat frequency was measured with a spectrum analyzer.

Finally, the development of an ultrasound bioprobe for intracellular and in vitro molecular imaging completely opens up new applications in in vitro subcellular biological imaging with very high resolution. The representative examples of ultrasound bioprobe applications for intracellular imaging demonstrate the versatility of this technique. We believe that our technique will fill the critical void in the subnanometer spatial range for nondestructive subsurface imaging in the biological sciences.

MATERIALS AND METHODS
=====================

Experimental platform
---------------------

The system incorporates a commercial contact mode AFM system (JEOL, JSPM-5200) and the Bruker Dimension Icon system. The piezoelectric transducer sample assembly is mounted on the AFM translational stage. A silicon cantilever with a spring constant of \~1.0 to 2.0 N/m, a free resonance frequency of around 75 to 125 KHz, and a nominal tip radius of 5 to 10 nm was used. We customized the AFM cantilever holder assembly that provides the flexural vibrations to the cantilever. The output of the AFM photodetector is fed to an RF lock-in amplifier to demodulate the defection of the cantilever at the difference frequency, *f* = *f*~1~ − *f*~2~, where *f*~1~ and *f*~2~ are the sinusoidal actuation frequencies of the sample and the cantilever, respectively. The reference input to the lock-in amplifier is obtained by mixing a fraction of the drive voltages to two piezoelectric transducers in an electronic mixer and by passing the output through a low-pass filter with a cutoff frequency of 1 MHz.

The sample was mounted on a piezoelectric transducer with a nominal center frequency of around 2 MHz. We used a thin film of phenyl salycilate powder heated to a transition temperature of 40°C and an adhesive layer between the sample and the transducer to enhance the transmission of elastic waves into the sample.

Silica particle growth
----------------------

We used a typical synthetic approach for the specimen preparation of core shell nanoparticles. Aqueous CoCl~2~ (0.4 M) solution was reduced using sodium borohydride in the presence of citric acid. The solution was diluted in 200 ml of water. Aminopropoxysilane (10 μl)/triethoxysilane (50 μl) (in ethanol) was slowly added to the black-colored solution by rigorous stirring. The particles were separated by centrifugation. Using this method, magnetic particles were embedded in silica core shell.
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fig. S1. High-resolution TEM image of the magnetic particles embedded in the silica core shell.

fig. S2. Ultrasound bioprobe image of the ECs when treated with thrombin.

fig. S3. Detection of difference (beat) frequency when the feedback control electronics of probe is on and off.
